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filament which structurally distinguishes microsporidia from other
spore-forming organisms (2, 8, 13). The polar filament functions
similarly to a syringe and needle by penetrating the host membrane and forcing the sporoplasm through the tube and into the
host cell (2, 8, 13, 42). For macrophages, infection has been
reported to occur via phagocytosis of the infectious spore (11).
However, the specific mechanism of macrophage recognition of
these spores has not been reported.
Host recognition of pathogens is accomplished by a diverse
repertoire of germ line-encoded proteins called pattern recognition receptors. Toll-like receptors (TLR) represent a unique
collection of evolutionarily conserved pattern recognition receptors known to recognize pathogen-associated molecular
patterns found on viruses, bacteria, parasites, and fungi. Ten
TLR have been identified in humans and are known to recognize molecular moieties, such as peptidoglycan and zymosan by
TLR2 or lipopolysaccharide (LPS) by TLR4 (23, 37). The
engagement of TLR has been shown to activate a variety of
intracellular signaling pathways, including the MyD88-dependent pathway which ultimately activates the transcriptional
factor NF-B (23, 26, 37). The activation and nuclear translocation of NF-B are implemented in the transcription of many
inflammatory cytokines and chemokines needed for the successful clearance of the pathogen and the recruitment of immune cells, including tumor necrosis factor alpha (TNF-␣) and
interleukin-8 (IL-8) (6, 22).
Since the discovery of TLR, their recognition of molecular
patterns on bacteria and viruses has been well documented.
More recently, a number of protozoan and fungal organisms
that share structural and/or biological similarities with microsporidia have also been linked with TLR activation. Cryptosporidium parvum, an oocyst-forming protozoan that typically in-

Microsporidiosis has been reported as the cause of chronic
and life-threatening diseases in human immunodeficiency virus/
AIDS patients and organ recipients and, therefore, has gained a
greater medical importance among individuals who have an impaired immune status (4, 8, 32, 36). Increasingly, infections involving immunocompetent individuals, particularly those affecting
the elderly or young, have also been reported (8, 10, 24, 31).
Infections are believed to occur primarily through the ingestion of
microsporidian spores and proceed through the invasion of enterocytes in the small intestine (8). Clinical reports of microsporidiosis have described a range in the severity of the disease, from
intestinal infections leading to chronic diarrhea to disseminated
diseases thought to occur as a result of migrating macrophages,
including keratoconjunctivitis, sinusitis, tracheobronchitis, encephalitis, interstitial nephritis, hepatitis, cholecystitis, osteomyelitis, and myositis (8, 18, 32, 36).
Microsporidia comprise a group of more than 1,200 species of
obligate intracellular pathogens that can be found virtually everywhere in nature and are able to infect a wide variety of vertebrate
and invertebrate organisms (2, 8, 13, 16). These parasites were
once classified as protozoa; however, recent phylogenetic analysis
has revealed their close association with fungi (8, 16). The infective stage of the parasite is an environmentally resistant spore that
is believed to infect cells through the eversion of a unique polar
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Microsporidia are obligate intracellular parasites that are ubiquitous in nature and have been recognized as
causing an important emerging disease among immunocompromised individuals. Limited knowledge exists
about the immune response against these organisms, and virtually nothing is known about the receptors
involved in host recognition. Toll-like receptors (TLR) are pattern recognition receptors that bind to specific
molecules found on pathogens and signal a variety of inflammatory responses. In this study, we show that both
Encephalitozoon cuniculi and Encephalitozoon intestinalis are preferentially recognized by TLR2 and not by TLR4
in primary human macrophages. This is the first demonstration of host receptor recognition of any microsporidian species. TLR2 ligation is known to activate NF-B, resulting in inflammatory cytokines, such as tumor
necrosis factor alpha (TNF-␣) and interleukin-8 (IL-8). We found that the infection of primary human
macrophages leads to the nuclear translocation of NF-B in as early as 1 h and the subsequent production of
TNF-␣ and IL-8. To verify the direct role of TLR2 parasite recognition in the production of these cytokines, the
receptor was knocked down in primary human macrophages using small interfering RNA. This knockdown
resulted in decreases in both the nuclear translocation of NF-B and the levels of TNF-␣ and IL-8 after
challenge with spores. Taken together, these experiments directly link the initial inflammatory response
induced by Encephalitozoon spp. to TLR2 stimulation in human macrophages.
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fects the small intestine, recruits both TLR2 and TLR4 and
activates NF-B signaling in human cholangiocytes (5).
Genomic analysis of Encephalitozoon spp. has predicted that
the spore coats may contain glycosylphosphatidylinositol (GPI)
anchors (33, 41), which recently have also been considered key
molecules isolated from Toxoplasma gondii and Trypanosoma
cruzi and shown to signal through TLR2 and TLR4 (3, 7).
Additionally, TLR have been shown to recognize highly conserved fungal cell wall components, such as glucans, chitin, and
mannoproteins from Candida and Aspergillus organisms, which
share some similarities to recently identified microsporidian
spore coat molecules (28, 29).
To date, there is limited information about the host’s innate
immune response to microsporidia, and no information exists
about the role of TLR in the recognition of these parasites.
However, studies involving microsporidian infection have provided some evidence that suggests the involvement of NF-B.
Analyses of culture supernatants from primary human macrophages challenged with Encephalitozoon spores revealed increases in the levels of the cytokine TNF-␣ (14) and the chemokines CCL3, CCL4, and CCL2 in response to infection (12).
Taken together, these reports of inflammatory mediator production and the previously described biological similarities between microsporidia and pathogens that are known to activate
TLR suggest that microsporidia may also be recognized by and
elicit a TLR response.
The present study has explored the role of TLR in macrophage host defense against microsporidian parasites. We report that both Encephalitozoon cuniculi and Encephalitozoon
intestinalis are recognized by TLR2. In addition, parasite challenge leads to the nuclear translocation of NF-B, which is
required for TNF-␣ and IL-8 production. To our knowledge,
this is the first study that demonstrates a role for TLR in the
innate immune response to any species of microsporidia.

MATERIALS AND METHODS
Reagents. Lymphocyte separation medium, fetal calf serum (FCS), L-glutamine, gentamicin, penicillin, and streptomycin were purchased from Cambrex
(Walkersville, MD), and Dulbecco’s modified Eagle’s medium (DMEM), phosphate-buffered saline (PBS), and Greiner Bio-One Cellstar tissue culture plates
were obtained from VWR International (West Chester, PA). LPS from Escherichia coli O111:B4 was obtained from Sigma Chemical Co. (St. Louis, MO), and
Pam3CSK4 was obtained from Axxora (San Diego, CA). Enzyme-linked immunosorbent assay (ELISA) reagents and antibodies, goat anti-rabbit Alexa Fluor
488, and Lipofectamine 2000 were purchased from Invitrogen (Carlsbad, CA),
and anti-NF-Bp65 was obtained from Santa Cruz Biotechnology, Inc. (Santa
Cruz, CA). The NF-B inhibitor (Bay11-7085), all validated real-time quantitative PCR (RT-qPCR) primers, and RT2 Sybr green-fluorescein master mix were
obtained from SuperArray (Frederick, MD). Predesigned TLR2 and control
oligonucleotides were purchased from Ambion (Foster City, CA).
Cell culture. Peripheral blood mononuclear cells were isolated from buffy coats of
healthy donors (Our Lady of the Lake Regional Blood Bank, Baton Rouge, LA) by
gradient centrifugation on lymphocyte separation medium according to guidelines
established by the Internal Review Board (Louisiana State University, Baton Rouge,
LA). Monocyte-derived macrophages (MDM) were obtained by adherence assays,
as previously reported (12). Briefly, monocytes were plated onto 6-well (2 ⫻ 106
cells/well), 24-well (5 ⫻ 105 cells/well), and 96-well (1 ⫻ 105 cells/well) culture plates
and cultured for 3 h in supplemented DMEM containing 2 mM L-glutamine, 100
U/ml penicillin, 100 g/ml streptomycin, and 0.1 g/ml gentamicin at 37°C in 5%
CO2. Cells were stringently washed with PBS to remove nonadhered peripheral
blood mononuclear cells and then allowed to differentiate for 7 days in supplemented DMEM with 10% FCS at 37°C in 5% CO2. Some MDM were plated in
24-well culture plates with cover glasses.

INFECT. IMMUN.
Parasites. Encephalitozoon cuniculi III and E. intestinalis (a generous gift from
Elizabeth Didier, Tulane National Primate Research Center, Covington, LA)
were grown in a rabbit kidney cell line (ATCC CCL-37) in DMEM supplemented with 10% FCS at 37°C in 5% CO2 and harvested from tissue culture
supernatants. Spores were washed once in PBS containing 0.2% Tween 20,
resuspended in supplemented DMEM, and counted with a hemacytometer (9).
Spores were used at a 5:1 spore-to-MDM ratio (12). Some spores were heat
inactivated in a 95°C water bath for 30 min.
TLR-transfected HEK cell lines. Human embryonic kidney (HEK) cell lines
transfected with TLR2, TLR4, TLR4/MD2/CD14, or null plasmids (InvivoGen,
San Diego, CA) were grown in 96-well culture plates in supplemented DMEM
with 10% FCS at 37°C in 5% CO2. Confluent cultures were challenged with
spores of E. cuniculi or E. intestinalis, and supernatants were collected and
analyzed by ELISA for TLR activation via IL-8 production, as suggested by the
manufacturer. As controls, some cultures were stimulated with the TLR4 or
TLR2 agonist LPS (10 ng/ml) or Pam3CSK4 (50 ng/ml), respectively.
RT-qPCR. Total RNA was isolated from 1 ⫻ 107 E. cuniculi- or E. intestinalisinfected MDM grown in six-well culture plates using the Qiagen RNeasy minikit
(Valencia, CA) according to the manufacturer’s instructions, quantified with a
NanoDrop (Wilmington, DE) ND-1000 spectrophotometer, and assessed for
quality with an Experion automated electrophoresis system (Bio-Rad, Hercules,
CA). Reverse transcription was performed with SuperScript III first-strand synthesis supermix (Invitrogen). RT-qPCR was performed using a Bio-Rad iCycler
according to the manufacturer’s instructions. The amplification of TNF-␣, TLR2,
and TLR4 cDNA was completed using validated primers and the RT2 Sybr
green-fluorescein master mix. All data were normalized to the ␤-actin housekeeping gene, and gene expression was calculated as previously described (21).
Briefly, the cycle threshold (CT) value (log2) for ␤-actin minus the CT value of the
gene of interest for each sample (⌬CT ⫽ CT of ␤-actin ⫺ CT of gene of interest)
was calculated and is presented as the percentage of ␤-actin.
Immunofluorescence detection of nuclear NF-B. Adherent cells on cover
glasses were challenged with Encephalitozoon spores or LPS (10 ng/ml) for 1 or
6 h, fixed with 4% paraformaldehyde, and permeabilized with 0.1% Triton X-100
in PBS. Cells were then incubated with Image-iT FX signal enhancer (Invitrogen) for 30 min at RT followed by polyclonal rabbit anti-mouse NFBp65 (1:50
dilution) overnight at 4°C. The cells were extensively washed in PBS and then
incubated with goat anti-rabbit Alexa Fluor 488 (1:200 dilution) for 60 min at RT,
washed again, and mounted in ProLong gold medium (Invitrogen). Cells were
examined using a Leica DMI 6000 B inverted fluorescence microscope and captured
and analyzed with a Leica DFX300 FX charge-coupled-device camera and Image
Pro Plus v5.1 software, respectively (Media Cybernetics, Silver Spring, MD).
ELISA. Supernatants were collected from MDM cultures at specified times
postinfection with E. cuniculi or E. intestinalis and analyzed for TNF-␣, IL-8,
CCL3, and CCL4 cytokine/chemokine production as per the manufacturer’s
instruction. Nuclear extracts were collected and assayed for the translocation of
NF-B by following the manufacturer’s protocol. The samples were assayed in
duplicate. In some experiments, 20 M of the NF-B inhibitor, Bay11-7085, was
added to cell cultures 1 h prior to infection. The colometric determination of
values was performed on a VersaMax microplate reader (Molecular Devices,
Sunnyvale, CA) and analyzed using SoftMax Pro software (Molecular Devices).
siRNA. Three TLR2 small interfering RNA (siRNA) sequences were equally
mixed in each transfection, and experiments were performed as previously described (40). Briefly, MDM were seeded in 96-well plates at 1 ⫻ 105 cells per well
in serum-free, supplemented DMEM. MDM were transfected with 20 pmol of
siRNA and 1 l of Lipofectamine 2000 per well. Cultures were allowed to
incubate with siRNA-Lipofectamine complexes for 4 h at 37°C in 5% CO2,
washed, and placed in fresh, supplemented DMEM with 10% FCS for 48 h prior
to the performance of the experiments. siRNA knockdown of the specific gene
was confirmed by RT-qPCR.
Statistical analysis. Three experiments were performed at each time point and
for each parasite or condition, unless otherwise stated. Each experiment consisted of a single donor and was measured in duplicate. Statistical significance
was determined by one-way analysis of variance followed by Dunnett’s posttest,
and P values of ⱕ0.05 were considered significant. All error bars shown in this
paper represent standard errors of the means. Analyses were performed using
InStat software, version 3.0 (GraphPad, San Diego, CA).

RESULTS
TLR2 mediates the recognition of Encephalitozoon spp. To
delineate a role for TLR in the recognition of microsporidian
parasites, HEK293 cells stably transfected with null plasmids or
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FIG. 1. Encephalitozoon spp. are recognized by TLR2. HEK293 cells transfected with null plasmids (A) or plasmids encoding TLR2 (B), TLR4
(C), or TLR4/MD2/CD14 (D) were challenged with spores of Encephalitozoon spp., heat-inactivated (⌬) E. cuniculi, LPS (10 ng/ml), or Pam3CSK4
(50 ng/ml) overnight. Culture supernatants were collected and assessed for IL-8 production by ELISA (n ⫽ 3). *, P ⱕ 0.05.

with plasmids containing TLR2, TLR4, or the complex TLR4/
MD2/CD14 (confirmed in LPS recognition and signaling) were
stimulated with spores from two Encephalitozoon spp. HEK293
cells do not express TLR but do contain the intracellular machinery needed to provide a response if the receptor is available.
When stimulated, these transfected cells provide an NF-Bdriven IL-8 response. The HEK293 null cell line did not respond
to either Encephalitozoon spp. or the TLR agonist (Fig. 1A),
indicating that no native IL-8 responses were generated against
the spores. The detection of IL-8 was observed in TLR2-transfected cells challenged with spores from both species and heatkilled E. cuniculi spores (Fig. 1B). Neither TLR4 alone (Fig. 1C)
nor the TLR4/MD2/CD14 complex (Fig. 1D) generated a signal
in response to the challenge with Encephalitozoon spores. As well,
heat-killed spores did not generate a strong signal. These data
suggest that spores of the Encephalitozoon species are recognized
by TLR2, which could initiate subsequent inflammatory signaling
and the production of mediators.
Encephalitozoon stimulation increased TLR2 expression in
human primary macrophages. While HEK293 cell lines are
widely used to determine TLR responses to pathogens, it is
important to establish the role of these receptors in cells which
are involved in recognition of Encephalitozoon spp. in vivo.
Macrophages are not only involved in innate immune responses against microsporidia but can also serve as vessels for
the dissemination of infection in the immunocompromised

host; therefore, primary human macrophages were analyzed
for altered gene expression of TLR in response to Encephalitozoon spp. MDM were incubated with spores for 6 h, and the
total RNA was collected. The gene expression of TLR2, TLR4,
and TNF-␣ (a known product of parasite challenge) was assessed using RT-qPCR. While the parasite challenge caused
the predicted increase in TNF-␣ expression (Fig. 2A), an approximately twofold increase in TLR2 mRNA levels was also
observed (Fig. 2B). Similar induction levels of TLR2 were
observed for both E. cuniculi and E. intestinalis. Interestingly,
TLR4 gene expression was not significantly augmented (Fig.
2C). These results, along with the TLR2 transfection studies,
strongly suggest that the infectious spores can induce responses to increase the level of host receptor required for their
recognition.
NF-B translocation is activated in macrophages challenged with spores. Little is understood about signaling events
in response to microsporidian infections. Since many proinflammatory cytokines are at least under the partial regulation
of the transcription activator NF-B, our HEK studies and
previously published reports of TNF-␣ suggest that NF-B is
activated during these infections. We next investigated
whether Encephalitozoon spores could induce the translocation
of NF-Bp65 into the nuclear compartment of primary human
macrophages. Nuclear extracts were collected from cells at
with spores 1, 3, and 6 h postchallenge and measured for total
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FIG. 3. The nuclear translocation of NF-Bp65 in primary human
macrophages is initiated early after challenge with spores of Encephalitozoon spp. MDM cultures in six-well plates were challenged with
spores for 1, 3, or 6 h. Nuclear proteins were collected and analyzed for
levels of the NF-Bp65 subunit by ELISA. (A) Significant levels were
observed at both 1 and 3 h postchallenge, while levels returned to that
of the control after 6 h (n ⫽ 4). (B) To confirm NF-Bp65 activity,
some MDM cultures were plated on cover glass and immunostained
for nuclear localization. Nuclear NF-B (green) was clearly observed
after 1 h in the nucleus but not 6 h postchallenge. *, P ⱕ 0.05.
FIG. 2. Microsporidia induce increased gene expression of TLR2
but not TLR4 in primary human macrophages. Total RNA was extracted from MDM cultures after challenge with spores for 6 h, and the
gene expression of TLR2, TLR4, and TNF-␣ was measured by RTqPCR. Data represent the means of results of six (TLR2, TLR4) and
three (TNF-␣) experiments. *, P ⱕ 0.05.

NF-Bp65. The translocation of NF-Bp65 was detected as
early as 1 h postchallenge and continued to decrease at 3 and
6 h (Fig. 3A). To confirm the nuclear localization of NF-Bp65
in macrophages, immunostaining was performed on cells after
the challenge with spores from both species. Again, NF-Bp65
was observed in the nucleus optimally at 1 h (Fig. 3B) and
continued to decline up to 6 h.
Encephalitozoon spp. induce the production of proinflammatory cytokines in primary human macrophages. To substantiate the role of macrophages in the recognition of encephalitozoons in inducing inflammatory responses, the temporal
expression of two inflammatory mediators, TNF-␣ and IL-8,
was established. TNF-␣ and IL-8 are key inflammatory cytokines/chemokines that are produced in response to numerous
types of intracellular pathogens. TNF-␣ and IL-8 were measured in supernatants from MDM cultures challenged with
spores at various time points. Both species of microsporidia
induced a strong, significant TNF-␣ response by 3 h postchallenge which peaked at 12 h and sharply fell after 24 h (Fig. 4A).
In contrast, the production of IL-8 increased significantly by
6 h postchallenge and continued to increase over time up to
72 h (Fig. 4B).

Encephalitozoon-induced NF-B translocation in macrophages is required for the production of TNF-␣ and IL-8. To
establish the role of NF-B in the production of the inflammatory mediators TNF-␣ and IL-8 in response to Encephalitozoon spores, the NF-B inhibitor, Bay11-7085, was added to
MDM cultures for 1 h prior to the challenge with microsporidian spores. This inhibitor is known to prevent the phosphorylation and degradation of IB, thus preventing the nuclear
translocation of NF-B (34). A significant reduction in both
TNF-␣ and IL-8 levels at 12 h was observed in cultures treated
with Bay11-7085 (Fig. 5A to D). As anticipated, NF-B activation is required for producing an effective inflammatory response against the parasites.
TLR2 knockdown in macrophages inhibits NF-B nuclear
translocation and subsequent cytokine and chemokine responses against microsporidia. To directly show that the engagement of TLR2 by Encephalitozoon spp. in primary human
macrophages results in NF-B translocation and the production of inflammatory mediators, MDM were transfected with
either control or TLR2 siRNA. Treatment with siRNA inhibits
TLR2 mRNA expression, which could not be detected by RTqPCR. TLR2 siRNA altered NF-Bp65 translocation, which
was observed in control cells after a 1-h challenge with E.
cuniculi but not in TLR2 siRNA-treated cells (Fig. 6A). After
a 12-h challenge with the parasites, cell culture supernatants
were collected and measured for the levels of TNF-␣ and IL-8
mediators as well as two NF-B-driven chemokines, CCL3 and
CCL4, previously described as being produced in response to
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Encephalitozoon challenge (12). The knockdown of TLR2 resulted in an approximately twofold decline in the production of
TNF-␣ (Fig. 6B) and IL-8 (Fig. 6C) in comparison to control
siRNA-transfected MDM when challenged with either species
of the parasite. A reduction was also observed in siRNA
TLR2-transfected MDM stimulated with the TLR2 agonist
Pam3CSK4, whereas the siRNA knockdown had no effect on
the cytokine response to the TLR4 agonist LPS. Similar results
were also observed in supernatants analyzed for levels of CCL3
(Fig. 6D) and CCL4 (Fig. 6E). The levels of both chemokines
were decreased in TLR2-transfected MDM compared to those
of control transfections. Taken together, the data show a direct
increase in these four inflammatory mediators as a result of
Encephalitozoon ligation of TLR2 and subsequent NF-B activation in primary human macrophages.

FIG. 4. Microsporidia induce the production of TNF-␣ and IL-8 by
primary human macrophages. MDM cultures in 96-well plates were challenged with spores and stopped at various times by collecting the supernatants. TNF-␣ (A) and IL-8 (B) levels in supernatants were determined
by ELISA. Data represent the means of results of six (TNF-␣) and three
(IL-8) experiments. For results at time points of 3, 6, 12, and 24 h for
TNF-␣ and 6, 12, 24, 48, and 72 h for IL-8, the P value was ⱕ0.05.

Encephalitozoon spp. have been recognized as emerging
pathogens; however, very little information about the immunobiology of microsporidiosis in humans is available. Pathology and epidemiological reports have identified immune effector cells at sites of infection (32) and detected increased levels
of serum antibodies for microsporidia in humans (17, 39).
Recent in vitro studies have shown that infections lead to the
production of numerous cytokines and chemokines, including
TNF-␣, CCL2, CCL3, and CCL4 (12, 14). Although these
responses have been well documented, to date, no known receptor involved in microsporidian recognition and signaling
has been identified.

FIG. 5. Blocking NF-B activity prevents the production of microsporidian-induced TNF-␣ and IL-8 from primary human macrophages
challenged with spores. Cultures of MDM in 96-well plates were preincubated for 60 min with 20 M of the NF-B inhibitor, Bay11-7085, followed
by a 12-h challenge with Encephalitozoon spores or LPS (10 ng/ml). The levels of TNF-␣ and IL-8 were measured by ELISA. TNF-␣ (A and B)
and IL-8 (C and D) were abrogated in cultures of both MDM in comparison to cultures without the addition of the inhibitor (n ⫽ 3). *, P ⱕ 0.05.
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FIG. 6. siRNA gene silencing of TLR2-reduced, Encephalitozoon-mediated NF-B nuclear translocation and inflammatory responses. MDM
transfected with TLR2 siRNA were challenged with Encephalitozoon spores, LPS (10 ng/ml), or Pam3CSK4 (50 ng/ml) for 12 h. Cells on coverslips
were analyzed by immunofluorescence microscopy for nuclear NF-B (A), and culture supernatants were analyzed by ELISA for the production
of TNF-␣ (B), IL-8 (C), CCL3 (D), and CCL4 (E) inflammatory mediators. For the Encephalitozoon challenge, data represent the means of results
of nine (TNF-␣, IL-8) and five (CCL3, CCL4) experiments. *, P ⱕ 0.05. DIC, differential interference contrast.

TLR have been shown to mediate the responses of many
host-pathogen interactions. This family of receptors was first
identified in Drosophila Toll mutants that succumbed to fungal
infections, and soon after, their receptor homologues were
identified in mammals (25, 26, 35, 37). Many insects, including
Drosophila melanogaster, are natural hosts for entomogenous
microsporidia (1). Given these receptors’ involvement in inducing innate immune mechanisms leading to inflammatory
responses, such as those previously reported against microsporidia, and their presence in all major natural hosts for microsporidia, TLR were investigated for their role in host recognition of Encephalitozoon spp. We report here that
Encephalitozoon cuniculi and Encephalitozoon intestinalis are

recognized by TLR2. Furthermore, the TLR2-parasite interaction mediates the nuclear translocation of NF-B, which
initiates the production of inflammatory mediators, such as
TNF-␣, IL-8, CCL3, and CCL4.
Although the cytokine and chemokine responses to Encephalitozoon infection have been described in previous studies,
intracellular signaling molecules involved in the induction of
this cascade, such as NF-B, have not been reported. Similarly
to others (14), we found that both species of Encephalitozoon
elicit a very strong inflammatory response when introduced
into primary human macrophages, and here we show that this
interaction results in a rapid nuclear translocation of NF-B
(Fig. 3) and robust TNF-␣ and IL-8 production (Fig. 4) that
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can be inhibited by blocking IB phosphorylation (Fig. 5).
Interestingly, our temporal studies reveal that NF-B translocation begins as early as 1 h postchallenge but continuously
decreases thereafter and returns to control levels by 6 h (Fig.
3). The decrease in nuclear NF-B is reflected in our TNF-␣
data, which show increases in secreted protein levels to 12 h
followed by a sharp decrease at 24 h (Fig. 4). Increases in
TNF-␣ mRNA at 6 h postchallenge (Fig. 2) followed by declining levels over time (data not shown) were also observed.
Unlike those of the TNF-␣ response, IL-8 protein levels (Fig.
4) continue to increase over time up to 72 h postchallenge,
regardless of the level of nuclear NF-B. However, the initial
production of IL-8 is altogether abrogated when NF-B translocation is blocked (Fig. 5). Similarly, Mpiga et al. showed that
IL-8 expression was sustained but that TNF-␣ levels peaked
and decreased in cultures infected with Chlamydia trachomatis
(27). Control of IL-8 expression has been shown to be regulated by several signaling pathways and transcriptional regulators, including but not limited to NF-B. Additional pathways
may be required for the stabilization of IL-8 mRNA, allowing
for sustained levels of IL-8 expression (19). Taken together,
our studies illustrate a mechanism involving the nuclear translocation of NF-B which initiates an immediate inflammatory
response against the parasite but requires a second mechanism
to sustain the levels of IL-8. This mechanism may be used to
prevent an overreaction of the inflammatory response but continues to produce a potent chemokine that will attract additional cells for pathogenic clearance.
These studies show that TLR are involved in the recognition
of Encephalitozoon spores, not only in classically transfected
cell lines but also in primary cells. Studies using transfected
HEK293 cells showed that TLR2 alone was sufficient to induce
IL-8 production but that TLR4 alone or TLR4 in collaboration
with the accessory molecules MD2 and CD14 was not (Fig. 1).
Additionally, heat-inactivated E. cuniculi stimulated a TLR2mediated response observed at lower levels than that observed
with viable spores. This may simply be attributed to the
method of parasite inactivation which may cause molecular
alterations to the spore coat that lessen the ability of TLR2
recognition. Similar differential cytokine responses were observed between viable and heat-inactivated Candida albicans
organisms, and so it was suggested that an increased temperature may manipulate structural moieties found on the yeast
surface that influence receptor recognition and responses (15,
29). Alternatively, it may indicate that the pathogen-associated
molecular pattern is located on a parasite surface which is
exposed only during or after leaving the exospore. This observation predicts that the spores would have to be viable to
trigger the TLR2 pathways.
Macrophages are professional antigen-presenting cells
found at mucosal barriers and are equipped with TLR to recognize a variety of pathogens (20). To provide evidence for the
direct role of TLR in the recognition of Encephalitozoon spp.,
siRNA was utilized to knock down the expression of TLR2 in
primary human macrophages. Our results indicate that NFBp65 nuclear translocation is inhibited and that TNF-␣ and
IL-8 production is reduced by almost 50% in knockdown cultures stimulated with either species of microsporidia (Fig. 6).
In addition, a reduction in the chemokines CCL3 and CCL4
was also observed in these cultures. Although we observed
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decreases in TNF-␣, IL-8, CCL3, and CCL4, the production of
these inflammatory mediators were not completely abrogated
via our siRNA model, and thus, it remains possible that the
pathogens can be recognized by additional receptors that have
not been described in this study. Our data clearly show that
TLR2 serves as a major receptor for host recognition of Encephalitozoon spores. The lack of response by the TLR4 HEK
transfectants and a clear suppression of the proinflammatory
mediators confirm that these responses are TLR2 specific.
Although no specific agonists from microsporidian spore
coats or sporoplasms have been defined for TLR recognition,
molecules from the exospore, endospore, polar filament, and
sporoplasm are rapidly being identified; some of these have a
striking resemblance to molecules from other microorganisms
that are TLR agonists. Cell wall components of fungi, such as
zymosan and ␤-glucan, have proven to be potent stimulants of
inflammatory responses by signaling through TLR. Recently,
linear O-linked mannosylated glycans derived from the spore
coat in E. cuniculi were described (38) These microsporidian
glycans closely resemble molecules found on the surface of C.
albicans that trigger TLR activation (29). Additionally, proteins identified in the endospore are believed to be attached to
the membrane by GPI anchors. GPI anchors derived from
Trypanosoma cruzi and Toxoplasma gondii have been identified
in stimulating TLR2 (3, 7). This innate recognition has been
portrayed as one way that our defenses can identify self from
nonself and begins an immediate response that will result in
pathogenic clearance. It has also been described as a mechanism of immune evasion for pathogens (30).
Our presented data show that the opportunistic pathogens
of Encephalitozoon spp. induce TLR2 signaling, which leads to
the immediate nuclear translocation of NF-B and the subsequent production and secretion of TNF-␣ and IL-8 inflammatory mediators. These studies have also raised further questions about additional unidentified receptors potentially
involved in microsporidian recognition and/or signaling molecules involved in immunosuppression, which will be addressed
in future studies. Defining the host-parasite interaction at the
molecular level is helpful in understanding the pathology of the
disease and developing possible methods of treatment and
prevention.
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